ABSTRACT: Genetic variation of the fungal parasite Pythium porphyrae , causative organism of red rot disease of Porphyra , isolated from Asan, Mokpo, Pusan and Wando in Korea, and from Aichi, Fukuoka and Miyagi in Japan was investigated by random amplified polymorphic DNA (RAPD) cluster analysis. The total 67 RAPD markers were generated from 38 isolates by RAPD-polymerase chain reaction (PCR) using arbitrary primers consisting of 10 nucleotide sequences and 33 of them indicated polymorphisms. The dissimilarity coefficients calculated from the RAPD banding patterns ranged from 0.0010 to 0.6983. The dendrogram generated by the unweighted pair-group method using arithmetic averages showed that the 38 isolates were classified into three clusters (Groups 1, 2 and 3). Group 1 consisting of two isolates from Miyagi was separated from all other isolates by a genetic distance of 0.6983. Groups 2 and 3 containing the majority of the isolates were branched on genetic distance of 0.3957. These two clusters subdivided into four and three subclusters, respectively, which were apparently associated with geographic origins of the isolates. Interestingly, the isolates from Asan of Korea were close to Japanese isolates rather than Korean isolates on genetic diversity. In addition, the genetic distances of intra-isolates from Japan were higher than those from Korea.
INTRODUCTION
The red rot disease of Porphyra , 'Akagusare', is caused by a parasitic fungus Pythium porphyrae . 1 The causative organism of the disease infects Porphyra thalli with hyphae and kills the algae within a few days along with the release of a large amount of zoospores. [2] [3] [4] This disease is prevalent in every Porphyra farm throughout Japan and Korea. 5 Therefore, the disease frequently brings about serious financial hardship to the Porphyra cultivation farms. Mycological, physiological and biochemical characteristics of Japanese red rot disease fungus have been investigated. [6] [7] [8] [9] As compared with Japanese fungus, very few studies on the Korean pathogen have been carried out.
In recent years, we have investigated morphological, physiological and biochemical characteristics of P. porphyrae isolated from Wando in Korea and from Aichi, Fukuoka and Miyagi in Japan. 4, 10 Morphological characteristics were almost the same, although the number of hyphal swellings of the isolate from Korea was significantly higher than those of the isolates from Japan. 4 Comparisons of physiological characteristics showed that effects of salinity conditions and nutritional requirements on growth of the isolate from Wando were similar to those from Fukuoka, rather than those from Aichi and Miyagi. 4 In addition, cluster analysis using both soluble proteins and isozymes showed that the isolate from Wando was similar to that from Fukuoka rather than those from Aichi and Miyagi. 10 It is interesting that the isolate from Wando has similar morphological, physiological and biochemical characteristics to that from Fukuoka, which is CS Park et al. the closest location to Wando geographically compared to the other two locations in Japan. The differences of the biochemical characteristics of the isolates from Korea and Japan mentioned above seem to be basically caused by genetic variation, which influences the various phenotypes. However, DNA sequences of two internal transcribed spacer (ITS) and 5.8S rDNA of the isolate from Wando were identical to those from Japanese isolates, 11 suggesting that these isolates are on the same species level taxonomically. Adequate resolution, including genetic variation, at the intraspecific level of these isolates has not been demonstrated. Therefore, analysis of genetic variation among more isolates from Korea and Japan is necessary to clarify the relationships between genetic variation and geographic distance.
It has been reported that the modified polymerase chain reaction (PCR) with single primers of arbitrary nucleotide sequences is useful for detecting intraspecific polymorphism among organisms. 12, 13 The PCR-based random amplified polymorphic DNA (RAPD) is a useful molecular technique tool for genome mapping, identification of isolates, determining the relationship between the isolates within a species, and distinguishing between species.
14-22 Therefore, the PCR-based RAPD analysis may be applicable to distinguish P. porphyrae isolated from several neighboring and distant locations.
In the present study, we detected DNA polymorphism and genetic diversity among P. porphyrae isolates that were obtained from three and four different locations in Japan and Korea, respectively, using PCR-based RAPD analysis. In addition, we investigated the correlation between RAPD markers and geographic distance for the isolates.
MATERIALS AND METHODS

Isolation and cultivation of Pythium
According to the method as reported previously, 4, 10 37 isolates of P. porphyrae were obtained from different thalli of infected P. yezoensis collected from seven locations, which were Asan, Mokpo, Pusan and Wando in Korea, and Aichi, Fukuoka and Miyagi in Japan. The isolate of P. porphyrae (IFO 30800) used in the present study was obtained from the Type Culture Collection of the Institute for Fermentation (Osaka, Japan). The geographic origins of the isolates are cited in Table 1 .
Each isolate grew on 1.7% cornmeal agar plates (Nissui Pharmaceutical Co., Ltd, Tokyo, Japan) for 10 days. The mycelium was identified according to the taxonomic key reported by Takahashi.
23
DNA extraction
For DNA extraction, five agar disks (6 mm in diameter) containing the edge of the fungal growth circle were inoculated to 300 mL of Arasaki B liquid medium 7 and incubated at 20 ∞ C for 10 days. Mycelial mats were collected by filtration using Whatman no. 1 filter paper (Whatman Co., Maidstone, Kent, UK) and rinsed with distilled water. After removing excess water, the mycelial mats were freeze-dried and stored at -80 ∞ C.
Approximately 0.1 g (dry weight) of mycelia was ground to a fine powder with a prechilled motor and pestle under liquid nitrogen. Total DNA was prepared from the mycelial powder using DNeasy TM Plant Mini Kit (QIAGEN, GmbH, Hilden, Germany) according to the manufacturer's instructions. The concentration and purity of the extracted DNA were determined by spectrophotometric measurement and agarose gel electrophoresis.
Random amplified polymorphic DNApolymerase chain reaction
Twenty kinds of arbitrary primer consisting of 10 nucleotides were used for the RAPD analysis (Table 2) . PCR was carried out in a total volume of 25 m L containing 10 mM Tris-HCl (pH 8.0), 1.5 mM MgCl 2 , 200 m M dNTP, 0.3 m M arbitrary primer, 1.25 units Taq DNA polymerase (Takara Shuzo Co., Ltd, Shiga, Japan) and 50 ng extracted DNA. The amplification reaction was performed with a TaKaRa PCR Thermal Cycler Personal (Takara Shuzo Co., Ltd) programmed as follows: one cycle at 94 ∞ C for 3 min (as an initial denaturation), followed by 40 cycles of denaturation at 94 ∞ C for 1 min, annealing at 35 ∞ C for 1 min and extension at 72 ∞ C for 1 min with a final extension at 72 ∞ C for 5 min.
After PCR amplification, 10 m L of the PCR product was loaded onto 1.5% agarose gel with TAE (40 mM Tris-acetate and 1 mM EDTA) containing 0.5 m g/mL ethidium bromide (EtBr). RAPD signatures in the gel were visualized by UV transilluminator and photographed with a FAS-III free-system DS-30 (Toyobo Inc., Tokyo, Japan) equipped with the charge-coupled device (CCD) image analyzer. The RAPD signatures were analyzed using a software package, Diversity Database TM V1.1, developed by Toyobo Inc. (New York, NY, USA).
Cluster analysis
Random amplified polymorphic DNA markers were scored for all isolates based on two possible character states: fragment presence (value = 1) and fragment absence (value = 0). Genetic relationships among 38 isolates in each matrix were estimated using dissimilarity value (distance value, D ) generated from the formula, D = 1 -S , in which S was defined as similarity value. 24 The D value for a comparison of all isolates is close to 0 and 1, indicating that degrees of genetic similarity are high and low, respectively. The S value was calculated using the similarity index, S = 2 N AB /( n A + n B + 2 N AB ), 24 in which N AB indicates the number of amplification fragments in common to isolates A and B, and n A and n B represent the number of specific amplification fragments for isolates A and B, respectively. The 38 matrices obtained constructed by D values for 38 isolates were subjected to a clustering algorithm, the unweighted pair-group method with arithmetic averages (UPGMA) based on Jaccard's similarity coefficient 25 using a software package, E XCEL C LUSTER A NALYSIS P ROGRAM , developed by Microsoft Co. (Redmond, WA, USA). Korea, Wando Hyphae †Pythium porphyrae isolate IFO 30800 was purchased from Type Culture Collection of the Institute for Fermentation (Osaka, Japan). ‡Pythium porphyrae isolates named JA1, JF1, JM1 and KW1 correspond to isolates used for our previous studies. 4, 10, 11 §Morphological features of the Pythium porphyrae isolates collected from host.
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RESULTS
Random amplified polymorphic DNA analysis DNA extracted from each P. porphyrae isolate were resolved into single bands suitable for high molecular weight (ª ≥ 20 kbp) by 0.7% agarose gel electrophoresis (data not shown). Amounts of DNA prepared from approximately 0.1 g of each dried mycelium were in the range from 15 to 30 mg. In addition, the ratio of E 260 to E 280 , indicating purity of DNA, was close to 2.0 in all isolates.
Twenty primers of arbitrary nucleotide sequences were used to amplify DNA fragments from 38 isolates from Asan, Mokpo, Pusan and Wando in Korea and Aichi, Fukuoka and Miyagi in Japan (Tables 1,2 ). RAPD-PCR using 18 primers except for PAP-18 and 19 produced one to six DNA fragments from genomic DNA of each isolate ( Table 2) . A total of 67 RAPD markers were generated from all isolates and 33 of them showed polymorphisms, which ranged in size from approximately 0.8-5.1 kbp. When all PCR amplifications using each primer were examined twice, it was confirmed that RAPD signatures were the same in each experiment. Figure 1 shows three different primer amplification products that were resolved Tables 1 and 2, respectively. by agarose gel electrophoresis and visualized by staining with EtBr. RAPD signatures of the PCR products for isolates each with 18 primers showed different major band patterns (Fig. 2) . The RAPD patterns seemed to differ significantly between the isolates from Korea and those from Japan, indicating that the patterns generally depended on the geographic locations of the isolates.
Differentiation of isolates with random amplified polymorphic DNA markers
In order to determine genetic relationships among 38 isolates the dissimilarity coefficients were calculated from the RAPD banding patterns. The values of dissimilarity coefficients ranged from 0.0010 to 0.6983. The dendrogram generated using UPGMA cluster analysis is shown in Fig. 3 . The 38 isolates from three and four different locations in Japan and Korea, respectively, were classified into three main clusters (Groups 1, 2 and 3). A genetic distance of 0.6983 separated the Group 1 cluster consisting of isolates JM2 and JM3 from 36 other isolates. The 36 isolates were distinguished into two clusters, Groups 2 and 3 by the genetic distance of 0.3957. The Group 2 cluster consisted of four subclusters that mainly contained the isolates from Asan in Korea, and from Aichi, Fukuoka and Miyagi in Japan, respectively. In contrast, the Group 3 cluster was subdivided into two subclusters: subcluster 1 mainly consisted of the isolates from Mokpo and Pusan in Korea; subcluster 2 contained mainly the isolates from Wando in Korea. In isolates from the same geographic origin, Fukuoka (JF1-5), JF1 and JF2-5 were clustered into different subclusters. In isolates from Mokpo (KM1-5), KM5 and KM1-4 were clustered into different subclusters; and in isolates from Wando (KW1-6), KW1 and KW2-6 were clustered into different subclusters. Tables 1 and 2 , respectively.
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The result of cluster analysis showed that the genetic distances among the isolates were associated with geographic origin and that all the isolates generally clustered into the Korea and Japan groups except for isolates from Asan in Korea. In addition, the genetic distances of intra-isolates from Japan (0.0010-0.2419) were higher than those in the case of Korean isolates (0.0010-0.1277). Interestingly, the dendrogram obtained showed that the isolates from Asan in Korea were the least similar to all Japanese isolates.
DISCUSSION
In our previous study, we investigated the dissimilarity among P. porphyrae isolated from Wando in Korea and Aichi, Fukuoka and Miyagi in Japan using cluster analysis based on isozyme banding patterns from starch gel electrophoresis. 10 The dissimilarity value of isozyme banding patterns calculated by UPGMA cluster analysis was the highest (0.51) between the isolate from Fukuoka and those from Miyagi and Aichi. The lowest value (0.19) was found between the isolates from Miyagi and Aichi. The value (0.46) between the isolate from Wando in Korea and those from Miyagi and Aichi was close to that between the isolate from Fukuoka and those from Miyagi and Aichi. However, the genetic diversity in these isolates could not be discussed in detail, as the amount of isolates and geographic origins of the isolates were limited.
Intraspecific variation of Pythium species on gene frequency and genetic diversity have been investigated by restriction fragment length polymorphism (RFLP) based on the internal transcribed spacer (ITS) region and PCR-based RAPD analysis. [26] [27] [28] [29] [30] In addition, RAPD-PCR was used for estimation of the genetic relationships between the populations from different geographic areas. 31 Then, we selected RAPD-PCR for investigation of the genetic distances within the 38 isolates of P. porphyrae from different geographic origins, Korea and Japan, as P. porphyrae isolates had exactly the same sequence of the ITS region. 11 The UPGMA cluster analysis of RAPD markers from these 38 isolates generated a dendrogram having some clusters according to the geographic origins of isolates with the genetic distance from 0.0010 to 0.6983 (Fig. 3) . The genetic distances calculated from dissimilarity values among the isolates from different locations did not correspond to those estimated by analysis of isozyme banding patterns using starch gel electrophoresis of some enzymes. 10 Although the dendrogram based on isozyme banding patterns indicated that the isolate from Wando in Korea was located between the isolate from Fukuoka and those from Aichi and Miyagi on dissimilarity value, the dendrogram based on RAPD markers showed two clusters that generally belonged to the isolates from Korea and Japan, respectively. Particularly, the isolates from Asan in Korea were closer to Japanese isolates rather than Korean isolates. This result may be caused by the transplantation of free-living conchocelis, thalli and/or freezing-nursery-net of P. yezoensis from Japan. In addition, JF1, KM5 and KW1 isolates were clustered into different subclusters. Pythium porphyrae has a period of dormant oospores in sediments of the benthos during the summer period. 32, 33 The isolates indicating the characteristic polymorphism in each Porphyra cultivation farm seem to be the dominant cluster and indigenous to each area. In contrast, it is thought Fig. 3 Unweighted pair-group method with arithmetic averages dendrogram based on random amplified polymorphic DNA patterns for 38 isolates of Pythium porphyrae. Dissimilarity values were calculated by the formula of Nei and Li. 24 Isolates are listed in Table 1 .
that isolates such as JF1, KM5 and KW1 were introduced into each cultivation area by transplantations of Porphyra nets and others were produced in internal and/or areas abroad. The genetic distances of intra-isolates from Japan were higher than those of Korean isolates, suggesting that the genetic diversity of the isolates in Japan associate with a widely dispersed geographic distance of isolates. Thus, we conclude that the results of RAPD patterns obtained from the present study are appropriate to explain the genetic variation among populations of P. porphyrae isolated from different geographic origins in Korea and Japan.
Assigbetse et al. suggest that adaptation to different environmental conditions is responsible for accumulation of genetic differences within the intraspecific species associated with genetic isolation. 34 Results in the present study clarify the variation at the intraspecific species level in P. porphyrae from Korea and Japan. Thus, the RAPD banding patterns obtained by using the genomic DNA of 38 isolates from different geographic origins of Korea and Japan can also be valuable as a supplementary means for analysis of genetic variation linked to the ecologic adaptation among isolates. In addition, the RAPD banding patterns are useful to compare the gene expression that influences the phenotype of each isolate. Further genetic and ecologic studies are needed to provide more information about the relationship between ecologic adaptation and genetic diversity.
